Besides Raman and X-ray photoelectron spectroscopies, solid state nuclear magnetic resonance (NMR) methods are particularly useful for providing detailed answers to such issues. The present review introduces the basic principles of modern solid state NMR methods and their applications to glass structure, with a particular focus on the characterization of network-former mixing effects in the most common lithium and sodium conducting oxide and chalcogenide glass systems. Based onFor understanding the effect of network former mixing upon ionic mobility from a structural viewpoint, it is most convenient to study glass compositions in which the ratio of mobile ions per network former species is held constant, and the network former composition is varied systematically. Of course, compositional series of this kind do not necessarily imply constant network modifier concentrations, as there are always corresponding (linear or non-linear) variations in molar volumes. If the electrical conductivity of the three-component glass is higher than that predicted by interpolation of the conductivities of its binary endmembers, the network former mixing effect is called positive, if the opposite is observed, it is called negative. (analogously the inverse correlations apply to the measured activation energies of ion conduction as determined from temperature dependent conductivity measurements). Strongly positive NFM effects imply that the simultaneous presence of both network formers in the glass enhances the ionic mobility. Such effects have been reported for numerous ion-conducting glass systems, making this phenomenon technologically relevant and useful. On the other hand various systems are known where network former mixing makes no difference or even impedes ionic motion. Figure 1 summarizes all of those ternary systems for which NFM effects on the ionic conductivities have been systematically characterized for compositional series having constant network modifier/network former ratios. The principal network formers studied so far comprise oxides (SiO 2 , B 2 O 3 , P 2 O 5 , GeO 2 , TeO 2 ) as well as sulfides (SiS 2 , B 2 S 3 , P 2 S 5 , GeS 2 ). At the present stage, eight of the ten possible combinations of the oxide systems, and four of the six possible combinations of sulfide glass systems have been examined in detail by temperature and frequency dependent impedance measurements as a function of network former composition . In Figure 1 , xide systems are displayed above the diagonal, sulfide systems [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] below the diagonal. The diagonal itself corresponds to oxysulfide glasses of a single network former main group element (only the systems based on Si, Ge and P oxysulfides have been explored [34] [35] [36] ). Figure 1 also displays the cation types and their molar fractions and the sign of the NFM effect. Positive, zero and negative effects are denoted in green, yellow and orange colors, respectively. For the systems displayed in grey color, the experimental documentation is still insufficient, owing to lack of systematic studies. Finally, the only oxysulfide glass former system studied with two different network formers have been based on Li 2 O/SSi(S/O) 2 -P 2 (S/O) 5 glasses [44] , but the experimental documentation here is also still rather incomplete.
From Figure 1 we can see that there are positive, zero, negative NFM effects in the various glass systems. The strongest positive effects occur in alkali borophosphate glasses, which, owing to their obvious technological promise, have been studied in great detail [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Positive effects have also been reported for phosphogermanate [28] , phosphotellurite [33] , thiogermanosilicate [37] , and thioborophosphate glasses [40, 41] . In borosilicate glasses the effect of NFM depends on the cation content: while a weakly negative effect is observed at low cation concentrations [12, 13] , the sign is positive in the cation-rich Li 4 SiO 4 -Li 3 BO 3 glasses [15] . While negative NFM effects are generally undesirable from an application point of view, their fundamental study is still of great interest for the purpose of understanding the structure-property correlation. The best-documented effects have been described for alkali borotellurite glasses [31, 32] , and, most recently, sodium thiogermanate glasses [43] . Systems with strongly positive NFM effects, such as the alkali borosphosphate glasses are frequently also characterized by non-linear dependences of glass transition temperatures (T g ), densities, and other macroscopic properties upon composition. This behavior suggests a relationship between ionic mobility and the structural organization of these glasses, which will be examined in the course of this review paper.
Figure 1:
Overview of the glass systems for which NFM effects have been documented in the literature. Oxide glass systems are shown above, sulfide systems below the diagonal; the diagonal itself corresponds to oxysulfide glass systems based on the same network former species. The entry in red denotes the silicon phosphorus oxysulfide system. Positive effects are indicated by green, negative effects by yellow, and absent effect by orange color. The type of the network modifier species and its concentration are indicated.
Thermodynamic Aspects.
From the viewpoint of thermodynamics, NFM effects can be discussed in terms of the free enthalpy G of a binary system in relation to that of its two separate components A and B, with ) corresponds to the difference in the molar heats of formation of the homogenous mixture and its individual components. Based on this simplified description a maximum phase separation tendency is expected at x = 0.5. As illustrated in Figure 2 , the compositions of the separated phases are determined by the local mimima of the composite curve G(x), the so-called binodal curve. Thermodynamic equilibrium exists if the chemical potentials dG(x)/dx of the two phases are equal, as defined by the common tangent near both minima. As illustrated in Figure 2 , the miscibility gap decreases with increasing temperature, reflecting the increasing entropic contribution TS mix to the free enthalpy increases. The local minima approach each other with increasing temperature and join at the critical temperature T c , above which the single phase mixture is the only stable configuration. Figure 2 also denotes a second curve, joining those points where d 2 G/dx 2 changes sign. For mixtures bounded by this spinodal curve any random fluctuation will lead to spontaneous phase separation. In contrast, within the region in-between the binodal and the spinodal curves metastable solutions can exist, if thermodynamic equilibration is kinetically prevented by sufficiently rapid undercooling. If the system is characterized by a negative mixing enthalpy (A-B interactions preferred over A-A and B-B interactions) no separation into an A-rich and a B-rich phase is expected. However, in this case, a binary compound A 1-x B x may be formed, which then has to be considered a separate component, characterized by its own individual curve G(x). The occurrence of phase separation then depends on the mixing enthalpy involving this particular component and the component (A or B) present in excess as deduced from the overall composition.
All of the above discussion assumes conditions of thermodynamic equilibrium, which is certainly realized in the molten state at temperatures sufficiently above the liquidus temperature. The situation in the glass, however, is far away from equilibrium. Owing to the high viscosity of glass-forming melts at the liquidus temperature, crystallization is suppressed, resulting in the thermodynamically metastable undercooled melt. During further cooling, liquid-liquid phase separation may also be suppressed by slow kinetics, depending on the cooling rate. Of course, phase separation may develop if the undercooled melt is annealed for sufficiently long times at temperatures above T g , and may be followed by partial or complete crystallization. In the absence of annealing, however, many systems characterized by strongly positive or strongly negative mixing enthalpies actually result in glasses that appear more homogeneous than expected based on equilibrium melt thermodynamics, and at the glass transition temperature this situation will be permanently arrested. Nevertheless, if a spinodal phase separation region exists above T g , some degree of heterogeneity is always expected, even at very high cooling rates. The domain sizes may be rather small, however, down to the sub-nanometer region, and may go undetected by electron microscopy. In such cases, local spectroscopic methods such as solid-state NMR turn out to be the most suitable structural techniques for elucidating such heterogeneity.
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Figure 2. Diagram of free enthalpy G versus composition proportional to the molar fractions x)
and different temperatures (T 1 ,T 2 ,T 3 , and T c ) for a binary mixture characterized by a positive mixing enthalpy. Binodal and spinodal curves (B3-B2-B1-C-B1`-B2`-B3` and S3-S2-S1-C-S1`-S2`-S3`, respectively) and the critical point C are indicated. Reproduced from [45] 
Local Structural Environments in Glasses
Even though glasses lack the translational symmetry that is characteristic of the crystalline state, they usually possess well-defined local environments (short-range order), which can be understood in terms of distinct coordination polyhedra just as they are found in crystals. As they are, however, not arranged in a periodic fashion, no structural diffraction analysis is possible. Figure 4 gives an overview of these structural units as they are encountered in the most common glass systems based on the network formers SiO 2 , B 2 O 3 , P 2 O 5 , and GeO 2 . Analogous structural units can be drawn up for sulfide and oxysulfide systems. The task then comes down to identifying and quantifying these local coordination polyhedra, and to characterizing their arrangement over longer distance scales (intermediate range order). From a theoretical viewpoint, the ability of these units to disperse the negative charge over several atoms is considered an essential criterion of their relative stability [7, 46] . For example, while the negative charge is completely localized on the non-bridging oxygen in an Si (3) or a B (2) unit, a B (4) unit offers the possibility of charge dispersal over four bridging oxygen atoms. This will lead to shallower Coulomb traps and hence enhanced ionic mobility. The charge delocalization mechanisms may be further influenced by the linking of different structural units within the glass, known as the network former connectivity. Identifying and quantifying such next-nearest neighbor environments is therefore an important task of the structural analysis of glasses.
From the viewpoint of the local environments of the mobile ions, a related question of interest concerns the charge compensation by the anionic network. This question can be cast in terms of a competition of the network formers for the network modifier species. Is there proportional sharing between the network formers or does one of them attract the modifier species preferentially? Both the connectivity distribution and the above described competition of different network formers for the modifiers have important consequences regarding the spatial distribution of the mobile ions, which in turn can influence mechanical and electrical properties (ionic conductivities).
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Figure 3: Possible short range order units occurring in silicate, germanate, phosphate and borate glasses. Analogous structures can be drawn for sulfide glasses.
Structural Elucidation by Vibrational Spectroscopy
FTIR absorption spectroscopy and Raman scattering have been widely used for the identification of the above-mentioned structural units and the characterization of mixed network former effects. Particularly in the area of phosphate based glasses, the distinction between the P (3) , P (2) , P (1) , and P (0) sites by Raman spectroscopy has been quite successful [47] . The different vibrational frequencies of the corresponding P=O, PO 2 , PO 3 , and PO 4 moieties reflect the differences in average P-O bond order (2, 1.5, 1.33, and 1.25, respectively). Accordingly one observes a successive decrease in the corresponding Raman scattering wavenumber in the order P (3) (1300-1400 cm -1 ), P (2) (1100-1200 cm -1 ), P (1) (1050-1100 cm -1 ), and P (0) (950-1000 cm -1 ) [47] . The exact values are also influenced by the nature of the charge compensating cations as well as by the connectivity of the phosphate species with other network formers. This effect can be clearly observed in Figure 4 showing the Raman spectra of the glass system [K 2 
As the borate content increases, a successive decrease in the vibrational wavenumber observed for the P=O and PO 2 vibrations is observed as the connectivity of the P (3) and P (2) units with borate species increases with increasing x. Furthermore, new bands near 1100 and 1000 cm -1 are observed at high borate contents, indicating the appearance of P (1) and P (0) units in this compositional region. The identification of different bridging oxygen species by Raman spectroscopy is more limited, however. As illustrated in Figure 4 for the borophosphate glass system, the characteristic Raman scattering peaks usually occur in the 600 to 750 cm -1 wavenumber range, but it is generally difficult to differentiate between P-O-P, P-O-B, and B-O-B linkages. Similar difficulties occur for other mixed glass-former systems.
Raman spectra have further been used to identify the various structural units occurring in borate [48] , silicate [49] and tellurite glasses [50] . In particular, the three-and four-coordinate boron species can be readily differentiated via both FTIR and Raman spectra. Furthermore, Raman spectroscopy is generally useful for detecting non-bridging oxygen atoms in germanate glasses [51] , and for detecting non-bridging sulfide species in chalcogenide glasses [52] . The principal difficulty encountered with vibrational spectroscopic methods concerns the issue of quantification. The intensity of Raman scattering associated with a certain vibrational mode depends on the first derivative of the polarizability with respect to the vibrational coordinate. While for a molecule a normal coordinate analysis can be conducted and a vibrational spectrum can be predicted by DFT calculations, such an analysis is not rigorously possible for the situation in the glassy state. For these reasons, any quantitative conclusions regarding structural units inferred from Raman or FTIR peak deconvolutions have to be viewed with some skepticism. 
and P (2) species are clearly differentiated. With increasing borate content, the shift in the scattering peak near 1320 cm -1 can be correlated with increasing P-O-B connectivity. In addition, the spectra suggest a gradual evolution towards increased concentrations of P (1) and P (0) phosphate species with increasing borate content.
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Structural Elucidation by X-ray Photoelectron Spectroscopy (XPS)
Another structural technique that has made significant contributions towards an understanding of NFM effects in glasses has been X-ray photoelectron spectroscopy (XPS). While this technique is principally a surface method, it could be shown that representative structural information concerning the bulk composition can be obtained if the glass is ground to a powder within a glove box immediately before being introduced into the ultra-high vacuum chamber for the spectroscopic analysis. In particular, the binding energies measured for the O-1s electrons have shown sufficient resolution for making quantitative structural assignments. Table I lists typical binding energies extracted from data obtained in our laboratory and other values from the literature [52] [53] [54] [55] [56] . It must be noted, however, that their exact values are also dependent on the glass composition.
In general, XPS data allow for quantitative differentiation between bridging and non-bridging oxygen atoms, except for tellurite glasses, where the corresponding binding energies are found to be essentially identical [56] . Furthermore, the binding energies of various types bridging oxygen atoms are notably different, the order being
. Binding energies measured for oxygen atoms within heteroatomic connectivities can be roughly estimated by interpolation. Figure 5 illustrates typical spectra observed for the glass
0.67 and the corresponding peak deconvolutions into signals due to bridging oxygen atoms with P-O-P, P-O-B, and B-O-B linkages, as well as non-bridging oxygen atoms. In the boron-free endmember glass (x = 0), only P-O-P and NBO (P) units are present, which give rise to distinct signals near 533.0 and 530.5 eV [24] . In the phosphate-free endmember glass (x = 1) only a single signal due to B-O-B linkages is observed. Based on the lineshape parameters of these three contributions, the fourth component, reflecting the P-O-B linkages can be found by constraint signal fitting. Based on this analysis quantitative bridging oxygen connectivities have been derived for a number of mixed-network former phosphate glasses from XPS data [57] , even though the distinction between different types of bridging oxygen species is not always successful. For example, it has not been possible to differentiate between Si-O-Si and Si-O-B linkages in borosilicate glasses [58] . Likewise the XPS technique normally does not permit resolution of separate signals in chalcogenide glass systems, making this technique generally less useful for structural analysis [59] . an element-specific nuclear constant. Spin angular momentum is subject to the fundamental laws of orientational quantization, implying that one of the components (usually defined as the zcomponent) adopts only discrete multiples of Planck's constant :
In this expression m, the orientational quantum number, can take values within the range {+I, I-1,….-I+1,-I}, where I represents the nuclear spin quantum number. To detect nuclear magnetic moments, an external magnetic field is applied, represented by the magnetic flux density B 0 . The resulting Zeeman interaction, which is described by the Hamiltonian
lifts the energetic equivalence of these orientational states and causes a splitting into 2I + 1 individual levels with energies
By application of electromagnetic waves satisfying the Bohr condition E = , allowed transitions between adjacent orientational states can be stimulated and observed spectroscopically. To a first approximation, the angular resonance frequency is given by
This resonance frequency is identical with the angular frequency, the so-called Larmor frequency  p with which the nuclei precess in the applied magnetic field. Since the values of differ greatly for different kinds of nuclei, NMR spectroscopy is intrinsically element selective, as, at a given magnetic field strength, different kinds of nuclei have different resonance and precession frequency ranges. With typical values of applied magnetic flux densities on the order of magnitude of 1 Tesla, the frequencies lie in the radio wave region (10 7 to 10 9 MHz).
Internal
Interactions in NMR and their Experimental Characterization 7.1.1. The spin Hamiltonian and its simplification by magic-angle-spinning (MAS). While the measured precession frequencies are usually dominated by the Zeeman interaction, they are additionally influenced by a number of different internal interactions, whose parameters reflect the details of the local structural environment and whose effect on the energy levels can be calculated using standard perturbation theory. The Hamiltonian describing the effect of these internal interactions is given by: (6) as the normalized difference between the precession frequency of the sample under consideration and that of a suitably chosen reference standard. Isotropic chemical shifts are widely used for characterizing different local coordination environments in glasses. Table 2 summarizes typical chemical shifts measured by MAS-NMR in silicate, borate and phosphate glasses and their analogous sulfide systems. While the different Si (n) and P (n) species are easily differentiated in silicate and phosphate glasses by the 29 Si and 31 P chemical shifts [61, 62] , the 11 B chemical shift only offers a clear identification of the B (4) units, whereas all the different types of three-coordinate B (n) units have very similar chemical shifts [63] . In tellurite glasses, neutral and anionic structural units can be differentiated by 125 Te NMR [64] . In sulfide glasses, the chemical shift distinction of different structural units MAS-NMR is more limited. In thiosilicate glasses the chemical shifts can distinguish between corner-and edge-sharing units, but cannot offer any information about the number of bridging and non-bridging S atoms [65] . Similar limitations apply to thiophosphate glasses, where only the hexahypothiophosphate unit P (1) P having a phosphorus-phosphorus bond can be safely identified by its chemical shift [66] . It has to be emphasized that the chemical shifts listed in Table 1 are only representative values and can vary within a ± 10 ppm range, depending upon the kind of charge compensating cation, and (in mixed-network former glasses) the specific connectivity of the unit with other structural units [67] [68] [69] . For example, it is generally known, that the linkage of a given structural unit shown in Figure 3 to a P (n) species will always displace the corresponding resonance to lower frequencies, whereas linkage of a given unit to a B (4) species generally results in a shift towards higher frequencies shift [5] . Despite these general trends it would be dangerous to infer a particular connectivity based on isotropic chemical shift measurements alone. P species is a hexathiohypophosphate P 4 S 6 4-unit, containing a P-P bond, known to occur in chalcogenide glasses in minor concentrations.
Oxide Sulfide Oxide Sulfide Oxide Sulfide Si 
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Nuclear electric quadrupolar coupling.
Nuclei with spin I > ½ have non-spherically symmetric charge distributions. This asymmetry can be described by an electrical quadrupole moment superimposed upon a sphere containing the nuclear charge. Classical physics predict that such quadrupole moments can interact with inhomogeneous electric fields, i.e. electric field gradients present at the nuclear site. In solid samples, the electric field gradients are generated internally by the asymmetric charge distributions associated with atomic coordination and chemical bonding effects. The EFG is a symmetric second-rank tensor, which can be diagonalized in a molecular axis system. The sum of the diagonal elements q xx + q yy + q zz vanishes (Laplace equation) so that the interaction can be described in terms of two parameters, the nuclear electric quadrupolar coupling constant C Q and the asymmetry parameter
with 0 ≤  ≤ 1.
The quadrupolar interaction competes with the Zeeman interaction for spin alignment and the calculation of the quantized energy levels is particularly straightforward if one interaction dominates. If H z > H Q , the influence of the nuclear electric quadrupolar interaction can be calculated within first-and second-order perturbation theory. Consistent with the selection rules m = ±1, 2 I transitions distinct can be are observed for a nucleus with spin quantum number I [70] . For example, in the case of the nuclei 7 Li and 23 Na (I = 3/2), three distinct transitions can be observed, corresponding to the m = 3/2 -> m = ½, the m = ½ -> m = -1/2, and the m = -1/2 -> m = -3/2 transitions. The two transitions involving the |m| = 3/2 transitions (denoted "satellite transitions") are strongly anisotropically broadened and frequently escape spectroscopic observation in glasses. Thus, the analysis generally focuses on the central m = ½ -> m = -1/2 transition. In the limit of firstorder perturbation theory (weak quadrupolar coupling, H Q < 0.05 H z ), the central transition is unaffected by the quadrupolar interaction, and its lineshape is dominated by magnetic dipole-dipole interactions or the magnetic shielding anisotropy. For stronger quadrupolar coupling, the lineshape of the central transition must be calculated by second-order perturbation theory [70] . In this case, highly characteristic central transition lineshapes can be observed from which high-precision experimental values of C Q and  can be extracted, from either the static or the MAS-NMR spectra.
In NMR studies of glasses, the most important application is the differentiation between different types of three-and four-coordinated boron sites (see Figure 3 ). Three-coordinated neutral B (3) and orthoborate (B (0) ) units in oxide glasses are characterized by C Q near 2.6 MHz and an asymmetry parameter close to zero, reflecting the close-to-cylindrical symmetry of the electric field gradient at the boron site. Three-coordinate meta-and pyroborate (B (2) or B (1) ) species having one or two nonbridging oxygen atoms are also characterized by a C Q near 2.6 MHz, however, the electric field gradient lacks axial symmetry, as reflected by an asymmetry parameter near 0.5 to 0.6. Finally, the electric field gradient created by a four-coordinate oxide boron environment is much smaller than in the case of three-coordinate boron atoms, resulting in C Q values near 0.5 to 1 MHz. These trends are also found in thioborate glasses, however, the C Q values for the three-coordinate boron species are somewhat smaller (near 2.4 MHz). Even though C Q and  values do not lend themselves to interpretations in terms of network former connectivities, their numerical values must be known and taken into consideration for the quantitative analysis of various dipolar NMR experiments from which such connectivity information can be extracted. Figure 6 shows an interesting application of 11 B MAS-NMR to a sodium thioborophosphate glass system [41] . The various different B (n)S species are easily differentiated according to their isotropic chemical shifts and their quadrupolar lineshapes reflecting the size and symmetry of the 11 B electric field gradient. In addition, the spectrum shows a number of individual lineshape contribution owing to oxide impurities, leading to mixed oxysulfide species such as the three-coordinate BS 2 O and BO 2 S units as well as multiple B discrimination by MAS-NMR has been provided in various oxysulfide glasses based on phosphorus and silicon. 
Indirect spin-spin coupling.
Indirect nuclear spin-spin coupling proceeds via polarization of bonding electrons linking the nuclei involved. If the observed nuclei are coupled to n nuclei having the spin quantum number I, the MAS-NMR signal will be split into a multiplet of 2nI +1 components, separated by the isotropic coupling constant J iso . Both homo-and heteronuclear spinspin interactions can occur and can be differentiated by selective averaging techniques. Their observation provides direct evidence of bond connectivity and the observed peak multiplicity gives information about the number of spins to which the observe-nuclei are coupled. Unfortunately, MAS-NMR signals of glasses are usually dominated by distributions of isotropic chemical shifts, which generally mask the observation of spin-spin couplings. For this reason one has to resort to two-dimensional techniques for their detection. One important technique that has been widely applied in the analysis of mixed network former glasses is homonuclear J-resolved spectroscopy [71] . The pulse sequence (Figure 7 ) combines the two types of selective averaging afforded by MAS and the Hahn spin echo, in a two-dimensional experiment [71] . The Hahn spin echo, applied in the indirect (t 1 ) dimension of a two-dimensional NMR experiment refocuses the chemical shift distribution effect at the end of each evolution period t 1 so that the amplitude and phase of the signal are exclusively modulated by the strength of the isotropic J-coupling. Thus, the corresponding signal observed after Fourier-transforming the data acquired along the time domain t 1 . allows a selective measurement of the homonuclear J-interaction. Figure 8 shows an application to a thioborophosphate glass. Based on the observation of J-doublets with coupling constants of 50 ±5 and 20 ±2 Hz, respectively, the species at 107 and 93 ppm are assigned to hexahypothiophosphate and pyrothiophosphate groups, respectively. In contrast, the resonance near 84 ppm gives rise to a singlet, allowing an attribution to PS 4 3-(P (0) ) units. An alternative method of recovering indirect spin-spin interactions is the INADEQUATE sequence [72] , illustrated in Figure 9 . The 90°--180°--90° pulse block utilizes the homonuclear indirect magnetic dipole-dipole interactions ("Jcouplings") for creating double quantum coherences between the nuclei involved. For maximum DQ intensity the preparation time 2 should be equal to 1/2J, where J is the isotropic spin-spin coupling constant. In practice, frequently smaller values are used as a good compromise between maximum DQ yield and irreversible signal decay during  due to spin-spin relaxation. Following a
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short evolution time t 1 , during which they evolve under their combined resonance offsets, the DQ coherences are transferred to observable magnetization, which is then detected via a rotorsynchronized Hahn spin echo, while all single quantum coherences are completely eliminated by phase cycling. Figure 10 shows a typical application of this method to a thioborophosphate glass [41] . The dominant resonance near -84 ppm belonging to a P (0) species is completely eliminated owing to the absence of a P-S-P connectivity, allowing the selective detection (and hence their unambiguous identification) of the P (1)S and the P
(1)S P units. Analogous methods are available for the detection of heteronuclear J-coupling (heteronuclear Jresolved spectroscopy), although their use for the detection of heteronuclear connectivities in glasses has been less common.
Figure 7:
Two-dimensional homonuclear J-resolved spectroscopy [71] . Following the preparation by a /2 pulse, evolution takes place under the influence of homonuclear J-coupling during the evolution time t 1 . Chemical shift and heteronuclear J-coupling evolution are refocused by the central  pulse, and direct dipolar couplings are averaged out by MAS. The evolution is stopped by the second /2 pulse, while the third /2 pulse is used for detection. During the acquisition period t 2 the regular MAS Hamiltonian is effective. 
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Magnetic Dipole-Dipole
Interactions. The nuclear precession frequencies in the applied magnetic fields are further influenced by magnetic dipole-dipole interactions, as the spins experience the magnetic moments of their neighbors. The effect is anisotropic, depending on the length and orientation of the inter-nuclear distance vector r ij relative to B 0 . Depending on whether the surrounding nuclei are of the same type as the ones whose NMR signal is being observed, one differentiates between homo-and heteronuclear magnetic dipole-dipole interactions. The corresponding Hamilton parameters describing these interactions are given by:
The direct proportionality of H D to the inverse cube of the internuclear distance is particularly noteworthy, providing a straightforward connection to geometric structure. As the orientational dependence is described by the 3cos 2 -1 term ( being the angle between the internuclear distance vector and the magnetic field direction), MAS will eliminate this interaction. However, the dipolar interaction can be recovered special dipolar re-coupling techniques, the most important of which is the Rotational echo double resonance (REDOR) technique, affording site-selective heteronuclear dipole-dipole coupling information in high resolution spectra [73] . Figure 11 shows a typical pulse sequence used for such purposes [74] . Re-coupling is accomplished by 180° pulse trains applied to the I-spins, while the S-spin signal is detected by a rotor-synchronized Hahn spin echo sequence. For isolated two-spin-1/2 pairs, the REDOR curve has universal character and can be directly used to extract the internuclear distance. In contrast, for larger spin-clusters the REDOR curve depends on the detailed shape and distance geometry of the spin system [75, 76] . In glasses, one generally expects a distribution of spin geometries and magnetic dipole coupling strengths, which is a priori unknown. As previously shown, this problem can be circumvented by limiting the REDOR data analysis to the initial curvature, where S/S o < 0.2 [76] [77] [78] . In this limit of short dipolar evolution times, the REDOR curve is found to be geometry-independent and can be approximated by: where the average van-Vleck second moment M 2 can be extracted from a simple parabolic fit of the experimental data. In REDOR, one measures the heteronuclear second moment M 2I-S , which in turn can be calculated from the distance distribution present in any structural model, using the wellknown formula [79] : (10) Thus, equ. (9), together with eq. (10) allows structural hypotheses for a glass structure to be tested in a quantitative fashion. Figure 11 , right shows an application to BPO 4 , a crystalline model compound for borophosphate glasses. In this compound each of the boron atoms forms four B-O-P linkages to phosphate units at a distance of 277 pm. Eq. (8) turns out to be an excellent approximation to the theoretically simulated REDOR curve, yielding a dipolar second moment of 14.5 × 10 6 rad 2 s -2 in reasonable agreement with the value (18.7 × 10 6 rad 2 s -2 calculated from the crystal structure. Other ternary crystalline borophosphates yield a similar level of agreement [80] . Systematic errors regarding pulse length settings and resonance offset effects can be corrected by either calibrating the experimental data with results on suitable crystalline model compounds, for which M 2 can be calculated from the crystal structure and/or by applying a special experimental compensation scheme [78] . In mixed network glasses, such M 2 measurements are useful for estimating the average number of heteroatomic connectivities, the most important example being the number of B-O-P linkages, <m BP >, in borophosphate glasses from 11 B{ 31 P} REDOR [24, 80] , which can be is estimated according to the expression
In the application of eq. (11) one generally assumes that the average B … P distance <r BP > across a B-O-P linkage in the glass is very similar to that in the crystalline model compounds.
Progress in Ion Transport and Structure of Ion Conducting Compounds and Glasses
Dynamic Characterization by Temperature Dependent Solid State NMR.
The chief observables for characterizing mixed-network former effects in the glassy solid electrolyte area are the dc electrical conductivity  dc and the activation energy extracted from temperature dependent measurements. The electrical conductivity is given by the product of the charge z, the mobile ion concentration c, and their mobility u:
The quantities c and u can be independently characterized by solid state NMR. In the field of solid electrolytes the most important nuclei for such studies are 7 Li and 23 Na. Both nuclei are quadrupolar (with spin quantum number I = 3/2), and, as usual, the spectroscopic observation focuses on the central m = ½ -> m = -1/2 transition. If the ions are not mobile on the NMR timescale (e.g. at sufficiently low temperatures) their static lineshapes are strongly broadened by the anisotropic interactions mentioned above. For the 7 Li nuclei, for which the quadrupolar interaction is rather weak (limit of first-order perturbation theory) the dominant interaction is the homonuclear 7 Li- 7 Li magnetic dipole-dipole coupling; in addition heteronuclear dipolar interactions with other nuclei in the glass may contribute to the lineshape. In the case of the 23 Na nuclei, for which the quadrupolar interaction is stronger, the dominant linebroadening arises from the above-described anisotropic 2 nd order nuclear electric quadrupolar effects. The relevant NMR timescale is given by the inverse width of the NMR signal , which typically amounts to 5000-10000 Hz. The ionic mobility itself can be characterized by a correlation time  c , which characterizes the mean residence time of an ion at a particular site, i.e. the time elapsed in-between two distinct jumps. Considering ionic jumps as thermally activated processes,  c usually follows an Arrhenius type temperature dependence. Thus, during the course of temperature dependent lineshape studies, we can differentiate three distinct motional regimes: at sufficiently low temperatures, the ionic motion is too slow to affect the NMR signal, corresponding to the rigid lattice limit, 2 c >> 1, where the fully anisotropically broadened signal is observed. As the ionic motion is accelerated at higher temperatures and the regime 2 c ~ 1 is reached, the anisotropic interactions are gradually averaged out, resulting in a motional narrowing effect. Finally, in the limit 2 c << 1 (fast motion limit), a sharp signal is observed. If all the ions have the same mobility, an approximate activation energy characterizing the ionic jumps can be estimated from the onset temperature, T o , of the motional narrowing effect, using the expression [81] E A /meV = 1.62
In glasses, which are generally characterized by strong dynamic heterogeneity (i.e. the existence of a wide distribution of correlation times, see below) the motional narrowing region frequently extends over a wide temperature range, as successively less mobile ions are entering the motional narrowing region with increasing temperature. In this case, the onset method measures the activation energy of the most mobile portion of the ions only, hence resulting in an underestimate. Nevertheless, the method still has some utility for the sake of relative comparisons. [26] . Already an inspection of the static 7 Li NMR lineshapes ( Figure 12 , left) indicates that in the mixed network former glass the motional narrowing effect occurs at lower temperatures than in the binary lithium borate and lithium phosphate endmember glasses. The right part of this figure illustrates the motional narrowing effect observed in these temperature dependent spectra in a more systematic fashion, suggesting that the maximum ionic mobility indeed occurs at the composition x = 0.5. Alternatively, both the dynamics and their heterogeneities can be characterized by stimulated echo decay experiments [82] . In this method, the relevant timescale corresponds to  c ranging from milliseconds to seconds, and is under experimental control. Figure 13 shows a typical Diffusion Foundations Vol. 6pulse sequence. The first pulse creates transverse magnetization. During this evolution time t p , the spins with their quadrupolar perturbed NMR frequency gain a phase label according to their specific local environment. The second pulse stores this information along the magnetic field direction, and subsequently, a waiting period t m , the so-called mixing time, commences. As the first two pulses create a spin-alignment state (with the magnetization vector pointing along the magnetic field direction only), no further phase evolution occurs during t m . Following the last pulse, a spin echo is observed at a re-phasing time near or equal to t p. Any change in resonance frequency (caused by ionic movement) during t m diminishes the amplitude of the stimulated echo measured after the third pulse. Thus the signal amplitude measured is proportional to the fraction of ions which have not moved during this mixing time. Measurements under systematic incrementation of t m then can yield the two-time correlation function F 2 (t p ,t m ), from which  c can be readily extracted. Put in other words, the experiment probes the phase correlation function [26, 83] 
In Eq. (14) the brackets  denote an ensemble average. In the limit of sufficiently small evolution times t p , F 2 (t p ,t m ) probes the probability that an ion still or again occupies the same position, and hence has the same resonance frequency before and after the mixing time. This simple interpretation is only possible if other sources of correlation loss, caused by spin lattice relaxation or spin diffusion are ruled out or taken into consideration by separate measurements. In such a general case, the decay of the experimentally accessible stimulated-echo signal can usually be well described by a suitably adapted Kohlrausch function 
Here, the stretching parameter β (where 0 ≤  ≤ 1) quantifies the shape of the hopping correlation function [84] .  = 1 signifies an exponential correlation function, (which is observed only in very simple crystalline solid electrolytes). In most disordered solid electrolytes, however, one observes β values < 1, and there can be two distinct reasons for this. First of all, the correlation function may be intrinsically non-exponential, which could be the case, for example, if strongly correlated forward-backward motions occur. However, β value < 1 can also signify a distribution of exponential correlation functions, having different characteristic correlation times. This scenario, which is quite common in the case of amorphous solid electrolytes, is called dynamic heterogeneity. Both scenarios can be differentiated by more advanced experimental methods, such as three-time correlation function measurements F 3 (t m1 ,t m3 ) [10, 85] Systematic 109 Ag NMR studies conducted on various glassy silver phosphate-based solid electrolytes have shown that this effect generally dominates [86] . Assuming the same to be the case of lithium ion conducting glasses, we can interpret  as a parameter dominantly characterizing the width of the distribution of correlation times, even though an intrinsic non-exponentiality of the correlation functions is not excluded. Figure 14 shows such stimulated echo decay measurement for the lithium borophosphate glass series [ 0 .67 . In the top part one can note that for the x = 0.5 glass the average correlation times increases from ~ 100 ms to about 0.1 ms within the temperature range 253 to 378 K. At the lowest measurement temperature (158 K), however, the ionic jumps are too slow on the timescale of this experiment. In this limit, the measured decay corresponds to the effect of spin diffusion R(t m ), which is then applied as a correction to all the experimental data according to equ. (15) . The bottom part of Figure 14 indicates the result of the final analysis at 348 K for different sample compositions, clearly indicating the enhanced ionic mobility for the mixed network
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glasses relative to the single-network former glasses. While these results are qualitatively consistent with the trends observed in the simple lineshape measurements (Figure 12 ), they also afford a more reliable measurement of the activation energies of the ion hopping motion. Figure 15 shows a comprehensive summary of the ionic jump activation energies extracted from the various NMR experiments in comparison with those obtained from electrical conductivity measurements [26] . As mentioned above, the onset method leads to a systematic under-estimation of E a , (even though the corresponding values show the same trend). As discussed in reference [26] a better match of these activation energies can be obtained by more sophisticated NMR lineshape analyses taking into account such distribution effects. Furthermore, the stimulated echo experiments produce excellent agreement with the values from electrical conductivity data. Again this agreement can be attributed to the fact that the stimulated echo decay method succeeds in making the average correlation time and the dynamic heterogeneity (represented by the parameter ) observables that can be separately determined from the experimental shape of F 2 (t p , t m ). 
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Figure 13 -Stimulated-echo pulse sequence (top) and multi-time correlation functions derived from them (bottom). In the top part, the flip angles of the second and third pulses are 90° for spin-1/2 nuclei (such as 109 Ag or 19 F) and 45° for quadrupolar nuclei (such as 6/7 Li or 23 Na). Experiments with fixed t m2 and variable t m1 and t m2 yield the three-time correlation function mentioned in the text, which can differentiate between an intrinsically non-exponential correlation function and a distribution of exponential correlation functions. While the numerical values of T g , ionic conductivities and activation energies depend on the type of monovalent cation considered and its content y, the non-linear changes of these observables as a function of network former composition x are characterized by some universality, which is illustrated in Figure 16 for the lithium, potassium, and cesium borophosphate glasses containing 33 mole% alkali oxide [24] : For low to moderate boron contents (x ≤ 0.4) both the glass transition temperature and the ionic conductivity increase steeply, resulting in maximum values near y = 0.4 to 0.5, and corresponding minima in the activation energy (see Figure 16 ). Upon further substitution of P 2 O 5 by B 2 O 3 only small changes are observed. 
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Quantification of the structural units via NMR spectroscopy.
To gain deeper insight into the structural origins of these effects, solid state NMR techniques have been used [22] [23] [24] [25] [26] [27] 87, 88] . Figure 17 shows the evolution of the 11 B and 31 P NMR spectra as a function of network composition
x, for glasses containing 33 mole% potassium oxide [24] . The 11 B MAS-NMR spectra show that at low x-values four-coordinate boron species dominate (signal near -3.5 ppm). As illustrated in Figure  17 , several distinct B (4) units with different chemical shifts can be observed. Using 11 B{ 31 P} REDOR it could be shown that the signal at -3.5 ppm reflects B (4) species exclusively linked to P [24, 87, 88] . The other B (4) species show evidence of B (4) -O-B (3) connectivity, which could be proven elegantly by more sophisticated experiments sensitive to homonuclear 11 B-11 B spin-spin coupling [27, 87] .
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Overall these NMR results suggest that the network modifier species is not shared equally between the network former units: while the phosphate inventory is comprised of both (formally anionic) P (2) and (formally neutral) P (3) species, at x values ≤ 0.4 the borate inventory is found to be almost exclusively present in the anionic B (4) form. Charge balance therefore implies that a structural transformation process according to the reaction scheme:
. (16) occurs in this composition region [22, 24] . At higher borate contents, both B (3) and B (4) units are found to be present, which can be quantified according to the areas of the corresponding 11 B signals. In this way, the concentrations of P (2) and P (3) can be indirectly determined by considering the charge balance constraint. At higher x-values, also some small amounts of P (1) and P (0) can be found, particularly in borophosphate glasses with higher alkaline ion contents [22, 27] . Based on this analysis, and further detailed interpretation of the 31 P MAS NMR spectra (see references [22, 24] for further details) the diagram of Figure 18 can be constructed, detailing the concentrations of each of the basic structural units as a function of network composition x. It shows that within the composition region x ≤ 0.4 the main structural change is the substitution of the anionic P (2) by the anionic B (4) species, for higher x-values (x ≥ 0.5) the neutral P (3) units are successively substituted by neutral B (3) units. Thus, the overall network connectivity increases steeply within the composition region 0 ≤ x ≤ 0.4, whereas it remains approximately constant at higher x-values. As a measure of the overall network connectivity we consider the average number of bridging oxygen atoms per network former species [BO] . Figure 19 , top shows the dependence of this parameter on x and alkali ion type, illustrating quite universal behavior. Note in particular, the close correspondence with the compositional dependence of the glass transition temperature, T g [22, 24] (see Figure 16d) . As a matter of fact, the bottom part of Figure 19 shows a linear correlation between [BO] and T g , with only a minor dependence on alkali ion type, indicating that the simple concept of bond concentration provides a quantitative understanding of the structure/property correlation in these glasses [24] . 8.1.3. Homo-versus heteroatomic bond connectivity. As described above, the 11 B and 31 P MAS-NMR analyses allow a detailed quantification of the various P (n) and B (n) structural units present, and thereby facilitate an understanding of the compositional dependence of the glass transition temperature in terms of [BO] . Complementary information on the extent of homo-versus heteroatomic linkages is available from two independent experimental sources: (a) the O-1s XPS data displayed in Figure 5 , and (b) 11 B{ 31 P] REDOR experiments [24] . Figure -O-P linkages are excluded based on the REDOR data. This model agrees quite well with the experimental borate and phosphate speciations [24] . Most recently, however, experiments sensitive to indirect heteronuclear 11 B-31 P spin-spin interactions have proven that B (3) -O-P linkages are also formed, albeit at lower concentrations [88] . 
Interactions of the network modifier cations.
What remains to be clarified is the structural rationale for the mixed network former effects on the ionic mobilities in alkali borophosphate glasses, which are to be discussed on the basis of the local environments of the cationic species. For the concentration regime x ≤ 0.4 where the strongest mixed network former effect is observed, the high concentration of B (4) -O-P (3) linkages present in these glasses turns out to be key to the explanation. For these glasses, recent 11 B{ 23 Na} and 31 P{ 23 Na} REDOR experiments on sodium borophosphate glasses indicate that the sodium ions interact significantly more strongly with the formally neutral P (3) units than with the formally anionic B (4) units [89] . Figure 21 shows that the distance sums r P-Na -6 calculated from M 2 ( 11 B{ 23 Na}) and M 2 ( 31 P{ 23 Na}) values in sodium borophosphate glasses are close to those measured in sodium ultraphosphate glasses whereas the corresponding r B-Na -6 values are significantly smaller than those measured in sodium borate glasses with comparable sodium concentrations per network former. Thus the network modifier -network former interactions in these sodium borophosphate glasses are much more similar to those in sodium phosphate than to those in sodium borate glasses. These findings are consistent with bond valence considerations, predicting a partial displacement of the negative charge away from B (4) towards the nonbridging oxygen atoms of the P (3) sites (see Figure 22 ). The charge dispersal mechanism illustrated in Figure 22 most likely results in shallower Coulomb traps, thereby facilitating ionic jumps between different sites.
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Figure 21:
Values of r ij -6 calculated from the second moments of sodium borate, sodium phosphate and sodium borophosphate glasses. 
Network Former Mixing Effects in Tellurium Oxide Based Glasses
Owing to the high network polarizability associated with the electron-rich tellurium atoms, TeO 2 -based glasses have considerable interest for solid electrolyte applications. As illustrated in Figure 1 , mixed network former effects in such glass systems have been studied in numerous systems, and both positive and negative effects have been recorded, but not as yet been explained in terms of a structural rationale. Figure 23 summarizes recent results from our laboratory, conducted on sodium phosphotellurite [33] and borotellurite glasses [32] . The glass system (Na 2 O) 0.33 [(2TeO 2 ) x (P 2 O 5 ) 1-x ] 0.67 shows a pronounced positive effect (substantially reduced activation energies), particularly within the regime x < 0.5. In contrast, the NFM effect is negative in Figure 24 summarizes the chief structural units identified and discussed in tellurite-based glasses [90] . The superscript denotes the number of bridging oxygen atoms, whereas the subscript denotes the coordination number of the tellurium atom. Most commonly, Te will be either three-or four-coordinate in tellurite glasses. In addition, the Te-O bond lengths are subject to some variation, rendering the concept of coordination number somewhat ambiguous. (For example, in addition to the Te 4 4 units, Te 4 3+1 units having one distinctly longer Te-O bond have been identified). Figure 24 shows various three-and four-coordinate units that are formally neutral or anionic, but again, in mixed-network former glasses, charges can be dispersed upon neighboring network species owing to bond valence gradients present in heteroatomic linkages, as shown in Figure 22 for borophosphate glasses. Such an effect appears to occur for the (Na 2 O) 0.33 [(2TeO 2 ) x (P 2 O 5 ) 1-x ] 0.67 glass system, where both the 23 Na chemical shifts and the 23 Na{ 31 P} REDOR data suggest that within the x < 0.5 region the sodium ions interact nearly exclusively with the P (3) and P (2) units present [33] . As shown in Figure 25 , O-1s and solid state NMR data indicate that these glasses are characterized by a strong preference for Te-O-P linkages. Again, these results suggest that the enhanced ionic mobility found particularly in this composition region may be due to similar charge dispersal effects as noted in borophosphate glasses. For (Na 2 O) 1/3 [(2TeO 2 ) x (P 2 O 5 ) 1-x ] 2/3 glasses with higher Te contents (x ≥ 0.5) the participation of nonbridging oxygen atoms associated with tellurium becomes increasingly evident in 23 Na chemical shift trends and 23 Na{ 31 P}REDOR results (see Figure 26) . Here, the connectivity distribution is more random and there seems to be (more or less) proportional sharing of the network modifier between the two network formers. The situation is entirely different in the sodium borotellurite glasses. All the O-1s XP spectra can be satisfactorily fitted with only two lineshape components with the parameters of the binary endmember glasses, providing no evidence for the possible formation of B-O-Te linkages [32] (see Figure 27 ). In addition, none of the 125 Te and 11 B NMR data show significant proof of such linkages, even though their formation cannot be explicitly excluded. 23 Na NMR data indicate a monotonic chemical shift trend consistent with proportional sharing of the network modifier between the two network former species. Overall, the experimental data suggest a tendency towards an avoidance of B-O-Te linkages, even though no macroscopic phase separation is observed. Nevertheless, the negative mixed network former effect can be rationalized in terms of compositionally segregated sodium borate and sodium tellurite nano-domains. 
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Network Former Mixing Effects in Other Oxide Glass Systems
As summarized in Figure 1 , NFM effects have been characterized in a variety of other oxide as well as in various oxysulfide glass systems. Up to the present moment, however, the solid state NMR work on these systems is not sufficiently complete in order to explain these effects in terms of detailed structural models. In this context, the negative mixed network former effect in borosilicate glasses of the composition (Na 2 O) 0 [13] . For the two binary endmembers it has long been known that they have vastly different electrical conductivities and ionic mobilities [91] : while for sodium borate glasses E a values near 1 eV are observed, silicate glasses with comparable ion to network former ratios have substantially lower activation energies (near 0.6 eV). Based on detailed measurements of 23 Na-23 Na and 6 Li- 7 Li magnetic dipole-dipole couplings we could previously explain this difference in terms of different spatial distributions of the network modifier [92, 93] : the ions are more or less randomly distributed in space in binary sodium borate glasses, while they are concentrated within cluster domains in binary sodium silicate glasses. In the limit of these relatively low ion contents, the random ion distribution found in sodium borate glasses implies that the average jump distances between favorable sites for the sodium ions are rather long, resulting in low probabilities for a successful ion hop, and consequently, low ionic mobility (high activation energies). In contrast, in low-sodium silicate glasses the hopping distances within the clusters are quite short, favoring ion transport within percolating ion conduction channels. Now, the negative mixed network former effect found in low-sodium ternary ternary sodium borosilicate glasses can be related to a well-documented phase separation effect known to occur in this system [94] : these glasses separate into an amorphous glassy sodium borate microphase, containing most of the sodium ions and an amorphous silica phase, which is essentially cation-free. The effect can be described in terms of the hypothetical reaction scheme, Si (3) ] glasses have shown that in these glasses the entire alkali ion content is used to modify the boron species, leaving no modifier available for generating non-bridging oxygen atoms on silicon [95] . As the cations are thus located in a microphase in which the intrinsic ionic mobility is rather low and the second microphase cannot sustain any cation transport at all, the negative mixed network former effect of borosilicate glasses can be qualitatively explained. To further substantiate this model 23 Na dipolar NMR experiments and temperature dependent ionic mobility studies need to be conducted on the ternary glasses. In addition, the extent of phase separation should be studied by quantitative analyses of the B-O-B, B-O-Si and Si-O-Si connectivites, both within and outside of the phase separation regime. Unfortunately, the spectroscopic distinction between Si-O-Si, Si-O-B, and B-O-B units remains a considerable challenge as the corresponding O-1s binding energies measured by XPS are found to be rather close to each other [58] . Furthermore, the interpretation of 29 Si chemical shifts is ambiguous, as both anionic Si (3) units and neutral Si (4) units having a Si-O-B (4) linkage have comparable chemical shifts [96] . Experiments sensitive to 11 B- 29 Si magnetic dipole-dipole couplings are hampered by the low natural abundance of the 29 Si isotope and long spin-lattice relaxation times. In principle, these restriction can in principle be overcome by isotopic enrichment, and some results on borosilicate glasses have already been published [97] . Furthermore, as shown by Stebbins and coworkers, 17 O NMR is an excellent probe for the spectroscopic distinction of such connectivities [98] . It would be of great interest to use this probe for systematic structural investigations of NFM effects in borosilicate glasses.
A different situation can be found in glasses of the system (
1-y at low cation contents y [11] . While the ionic conductivities of the ternary glasses are close the average values calculated from those of the binary endmembers, a small positive mixed network former effect can be found for the activation energies. Again, it is known from 23 Na dipolar NMR that the cation distribution in low-sodium germanate glasses is more or less random, comparable to the situation in sodium borate glasses. As suggested in reference [11] , the NFM effect in alkali germanosilicate glasses may be due to a phase separation phenomenon. In this case, however, it is the silicate microphase which attracts the cations preferentially, corresponding to the reaction scheme:
Thus, opposite to the situation in alkali borosilicate glasses, in alkali germanosilicate glasses the alkali ions tend to concentrate in a glassy silicate microphase where the ions have high mobility, providing a possible explanation for the positive mixed network former effect in this case. Again this working hypothesis needs to be followed up by detailed solid state NMR experiments, and some preliminary work has indicated that 17 O NMR again could be a suitable experimental probe [99] .
Finally, NFM effects associated with oxysulfide glasses should be mentioned. A positive effect has been noted for alkali germanium oxysulfide glasses with composition (Li 2 S) 0.5 [(GeS 2 ) 1-x (GeO 2 )x] 0.5 [36] . Vibrational spectroscopic studies have indicated that it is the sulfide, rather than the oxide network former, that preferentially attracts the network modifier, according to the reaction scheme [100] Ge (4)S + Ge (3)O -> Ge (3)S + Ge 
Similar effects have been observed in solid state NMR studies of lithium oxy-thiophosphate compositions [101] , even though in this case the mixed network former effect has not been studied in the necessary systematic fashion. [37] , which is close to the thio-di(silicate/germanate) composition Li 2 (Si,Ge) 2 S 5 . In this system, a clear discontinuity in the room temperature electrical conductivity and a minimum in the activation energy was observed in three glasses having the compositions x = 0.5, 0.57, and 0.64. The effect is closely related to corresponding discontinuities observed for the glass transition temperature and the bulk density. Small angle scattering data indicate that these three glasses are phase separated, whereas glasses outside of this composition region are homogeneous. Clear discontinuities are also shown in the Raman spectra, indicating that the wave number of the Si-S nonbridging sulfur atoms is identical to that in Li 2 SiS 3 glass. Based on these observations the authors conclude that the phase separation model involved the formation of a lithium rich thiosilicate phase surrounded by a lithium poor thiogermanate phase, following the reaction scheme (for x = 0.5): Li 2 (SiGe) 2 S 5 -> Li 2 SiS 3 + GeS 2 [102] . In terms of the structural units displayed in Figure 3 this reaction scheme corresponds to the model
implying unequal sharing of the network modifier between the thiosilicate and the thiogermanate networks. The effect may be related to the inability of the thiosilicate system to form Si (3) units, as suspected earlier based on solid state NMR work [64] . The increased ionic conductivity may then be due to the formation of a percolating network of composition Li 2 SiS 3 in which the lithium concentrations are much higher locally than in the homogeneous glasses outside the phase separation region [102] . The higher local concentration implies shorter interionic jump distances and thence higher ionic mobilities. In support of this interpretation, no NFM effects, phase separation or structural discontinuities have been found in the more lithium rich glasses (Li 2 S) 05 [(GeS 2 ) x (SiS 2 ) 1-x ] 0.5 [102] . A similar situation may be operative in the (Li 2 S) 0.67 [(P 2 S 5 ) x (SiS 2 ) 1-x ] 0.33 system studied by Kennedy et al. [39] . In this case, more definitive evidence might be available from solid state NMR studies, which have, however, not been done at this juncture.
Alkali thioborophosphate glasses.
A positive network former mixing effect upon ionic conductivity has been observed in alkali thioborophosphate glasses of composition (M 2 S) 0.67 [(B 2 S 3 ) 1-x (P 2 S 5 ) x ] 0.33 (M= Li, Na) (see Figure 28) [40, 41] . The effect is evident in both electrical conductivity and temperature dependent NMR measurements, indicating a relation to the ionic mobility and thus pointing towards a structural origin [41] . Figure 29 shows a comprehensive plot of the concentrations of the various anionic species as a function of x, obtained from 11 B and 31 P MAS-NMR spectra which are interpreted with respect to charge balance constraints [41] . While simple considerations of sample compositions would suggest the presence of doubly charged P 1 and B 1 anionic species, a more careful inspection of the NMR and Raman results indicates that a structural redistribution takes place in the melt, resulting in the formation of triply charged P (0) , orthothiophosphate, PS 4 3- , and singly-charged B (4) , tetrahedral BX 4/2 units (X = O and S) according to the reaction scheme:
Thus, clearly, the sodium ions are not proportionally shared between the thioborate and the thiophosphate networks. For the compositions 0.1 ≤ x ≤ 0.4, the overwhelming majority of the sodium ion charge is neutralized by the thiophosphate anions, and for glasses with x = 0.4 all of the thiophosphate species are of the P (0) type. In addition, a wide variety of thioborate species are found, Diffusion Foundations Vol. 6
while the concentrations of monomeric PS 4 3-groups and four-coordinate BX 4 -, X = O and S, species reach a maximum value. As x increases beyond the value of 0.4, the capacity of the thiophosphate component to provide charge compensation is exhausted and network modification proceeds increasingly via the formation of doubly charged anionic thioborate B (2) , B (1) , and B (0) species. In these latter species the negative charges are more localized resulting in deeper Coulomb traps. At these higher thioborate concentrations, these species contribute increasingly to the local environment of the Na + ions, thus providing a rationale for the successive decrease in ionic conductivity and cationic mobility for x > 0.5. In addition, the phase-separated character of glasses in this composition range is expected to influence the trend of the ionic conductivities as well, and this further complicates the discussion of structure/property relations within this composition range. In contrast to the situation encountered in the oxide-analog (the sodium borophosphate glass system) where the formation of heteroatomic connectivity is strongly favored, P-S-B linkages do not seem to occur in these thioborophosphate glasses. Of course, a direct comparison remains difficult as the network modifier concentrations in the present chalcogenide glasses are much higher than those previously studied for the oxide mixed glass former systems. [43] . In this system any of the mixed network glasses presents lower ionic conductivity as compared to the bordering binary glasses. The effect is accompanied by a negative mixed network former effect on the glass transition temperatures. Furthermore, according to reference [43] there is no evidence for phase separation. Based on Raman scattering and solid state NMR data the authors find that there is unequal sharing of the network modifier between the two network former species, corresponding to a structural transformation model according to P (1)S + Ge (2)S -> P (0)S + Ge 
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This conclusion is mostly based on the detection of increasing amounts of P (0)S species by solid state NMR as the P 2 S 5 component is successively replaced by GeS 2 . The formation of Ge (3)S units is inferred from charge balance considerations as well as FTIR absorption and Raman data. Unlike the thioborophosphate, thiophosphosilicate, and thiogermanosilicate glass systems discussed above, where such unequal sharing, accompanied by phase separation, is associated with enhanced ionic mobilities, here the opposite effect is observed. This new finding shows that the relationship between structure and ionic mobility in mixed network former glasses is apparently more complex than suggested by previous works.
Conclusions and Recommendations for Further Work
Network former mixing effects in ion-conductive glasses constitute an important part of the strategy in optimizing the properties of solid electrolyte battery components. While their effect upon the ionic conductivities is of paramount importance, they also influence other glass properties such as mechanical, thermal and chemical stability that are relevant for the application. Based on the detailed structural investigations reviewed in the present study, some general principles have been emerging, allowing for an improved understanding of structure/property correlations. Important aspects of these correlations involve both the structural organization of the framework as well as the local environment and spatial distribution of the network modifier ions, to be discussed in relation to possible phase separation or nano-segregation phenomena. For homogeneous oxidic glasses, the simple concept of the overall network connectedness, as quantified by the average number of bridging oxygen atoms per network former species, allows for a satisfactory understanding of the compositional trends of the glass transition temperature, particularly in those systems in which there is clear preference for heteroatomic over homo-atomic linkages in the framework. By facilitating anionic charge dispersal via bond valence gradients such linkages also promote enhanced ionic mobilities, as suggested by the results obtained on alkali borophosphate and phosphotellurite glasses. On the other hand, phase separation and/or nanosegregation effects can lead to either positive or negative NFM effects. Usually in such heterogeneous systems the mobile ions are not proportionally shared by the different network former species, so that there is an enrichment in ionic concentration in one of the two phases (or nanodomains) relative to the average cation content. NFM effects can then usually be observed in those ternary glass systems, for which the spatial cation distributions of the corresponding binary glass endmember systems are very different. If the mobile ions are preferentially attracted by the network former component favoring a clustered cation distribution, a positive NFM effect is observed. Examples for such behavior include alkali germanosilicate glasses, alkali germanothiosilicate glasses, alkali thioborophosphate, and (possibly) alkali germanium oxysulfide glasses. In contrast, a negative effect is observed if the mobile ions are preferentially attracted by the component having a non-clustered distribution, such as is the case for alkali borosilicate glasses at low cation contents. Negative effects are also observed in phase separated systems (or nano-segregated) glass systems in which the ions tend to be proportionally shared (alkali borotellurite glasses). This effect may be explained by the presence of additional barriers at the interfaces between the domains. This preliminary working hypothesis described above needs to be verified by further detailed experimentation. In particular, the NMR work on the borosilicate glass systems needs to be completed. In this system, where both positive and negative NFM effects can occur (depending on cation content) the further development of high-resolution 17 O NMR as a new structural technique for quantifying bond connectivities will be crucial for developing a deeper structural understanding. Likewise, 17 O NMR, possibly in combination with Raman spectroscopy and O-1s XPS will be important for structural studies of NFM effects in glasses containing GeO 2 , As 2 O 3 and Sb 2 O 3 , for which no suitable NMR isotopes are available. At the present time, the (Na 2 S) 0.67 [(Ge 2 S 4 ) x (P 2 S 5 )] 0.33 seems to be the only clear exception to the above-described working hypothesis, indicating that a complete structural understanding of NFM effects has not yet been reached. However, without Diffusion Foundations Vol. 6 doubt, further work to be carried out in the future, will help in the clarification of this issue and result in more refined and specific structure/property relation in mixed-network former glasses.
